Introduction: Root resorption is a side effect of orthodontic treatment that occurs with the removal of hyalinized tissue. Studies have shown that a reparative process in the periodontium begins when the applied orthodontic force is discontinued or reduced below a certain level. However, quantitative 3-dimensional evaluation of root resorption repair has not been done. The aim of this study was to quantitatively assess the 2-and 3-dimensional changes of root resorption craters after 2 weeks of continuous mesially applied orthodontic forces of 50 g on rat molars and 2-to 16-week retention periods. Methods: We used 60 male Wistar rats (10 weeks old). Nickel-titanium closed-coil springs were used to apply 50-g mesial forces for 2 weeks to move the maxillary left first molars. The rats were randomly allocated to 6 groups. Those in the zero-week retention group were killed after force application. In the remaining 5 groups, the interdental spaces between the maxillary first and second molars were filled with resin to retain the molars. The molars were extracted after periods of retention from 2 and 16 weeks. The maxillary right molars were used as the controls. Mesial and distal roots (distobuccal and distopalatal) were examined by using scanning electron and 3-dimensional scanning laser microscopes. The surface area, depth, volume, and roughness of the root resorption craters were measured. Results: The area, depth, and volume of the craters decreased gradually and showed similar trends over the retention time, approaching a plateau at the 12th week. After 16 weeks of retention, the volumes of the resorption craters of the distobuccal and distopalatal roots reached recovery peaks of 69.5% and 66.7%, respectively. Small pits on the mesial roots showed recovery of 62.5% at the 12th week. The healing patterns in distal roots with severe resorption and mesial roots with shallow resorption had no significant differences. Conclusions: The resorption and repair processes during the early stages of retention are balanced, and most of the reparative process occurs after 4 weeks of passive retention after the application of orthodontic force. Frequent orthodontic reactivations should be avoided to allow recovery and repair of root surface damage. (Am J Orthod Dentofacial Orthop 2010;137:477-85) 
R oot resorption is a common side effect of orthodontic treatment; it can occur during and at the end of treatment. With severe root resorption, it is recommended to stop the application of force to prevent worsening of iatrogenic sequelae. 1 It is believed that the healing process of a resorption cavity starts as early as the first week of retention after treatment when the orthodontic force is discontinued 2-4 or reduced below a certain level. 5, 6 Many studies have shown that resorptive defects are repaired by deposition of new cementum and reestablishment of a new periodontal ligament. 2, 5, 7, 8 Schwarz 9 considered the possibility that fibers of the periodontal ligament incorporated in the new cementum during repair to some extent might compensate for the loss of root substance. Correspondingly, Langford 7 found that much new cementum can be deposited in the resorption crater under repair.
Several qualitative studies have evaluated resorption repair by using light microscopy, scanning electron microscopy (SEM), and transmission electron microscopy. [10] [11] [12] [13] Radiographic, 2-dimensional, evaluation studies were limited to measuring only the amount of root apex loss and were highly inaccurate because of magnification errors and low reproducibility.
14 Histologic studies were technique sensitive, and quantitative measurement of root resorption was not reliable because material is lost during histologic sectioning. Three-dimensional (3D) reconstructions of small specimens such as root resorption craters with high spatial resolution were recently created by using microcomputed tomography and used to quantify root resorption in human and animal samples. 15, 16 However, these studies did not quantify the root resorption healing.
The aim of this investigation was to evaluate the amount of repair by quantitative assessment of the dimensional and volumetric changes of root resorption craters at 2 to 16 weeks of retention after 2 weeks of continuous 50-g mesially applied orthodontic forces on rat molars by using SEM and laser microscope.
MATERIAL AND METHODS
Sixty 10-week-old male Wistar rats were used (ethics approval, Animal Welfare Committee of Nagasaki University, No. 0603170498). The rats (SLC, Shizuoka, Japan; weight, 230-250 g) were allowed 1 week to acclimatize to their new laboratory environment. The appliance was set under anesthesia by using intraperitoneal injection of pentobarbital at a dosage of 60 mg per kilogram of body weight. The posterior end of the coil spring was tied around the first molar with a 0.1-mm diameter stainless steel ligature wire. The anterior end of the coil spring was fixed to a hole drilled through the incisors at the alveolar bone level with a 0.008-in diameter ligature wire (Fig 1) . The appliance was activated by pulling to a triple deflection (9 mm) to produce a nearly constant force. The force magnitude was measured with a tension gauge (DTN-150, Teclock, Okaya, Nagano, Japan) in a water bath at 37.5 C. The procedure was accomplished when the appliance was set and at the end of the experimental time. The measurements before and after the experiments were 49.1 6 2.4 g and 53.6 6 5.8 g, respectively (n 5 20). The contralateral molars served as the controls. After 2 weeks of orthodontic force application, the amount of tooth movement was measured on cephalometric radiographs, as previously reported. 17 Briefly, a cephalostat was specially constructed to standardize the rats' head position. The distance between the x-ray tube and the film was 50 cm. The cephalometric radiographs were digitized with a film scanner at 600 dpi. Tooth movement was measured on the digitized images with imaging software (Scion, Frederick, Md). The appliance was removed, and self-cured resin (Super Bond, Sun Medical, Shiga, Japan) was placed in the interdental spaces between the left first and second molars to maintain the tooth movement until the rats were killed. The rats were then randomly divided into 6 groups (10 animals each) according to the retention time. One randomly selected group of rats was killed after 2 weeks of force application and served as the zero-week retention group. The other 5 groups of rats were killed after 2, 4, 8, 12, and 16 weeks of retention (Fig 2) . The left (experimental) and right (control) maxillary first molars including the surrounding bone were cut as a block, followed by delicately removing the alveolar bone to prevent root-surface damage. The molars were submerged in 1% sodium hypochlorite for more than 10 minutes to remove periodontal ligament remnants. The molars were kept in separate, labeled storage containers without storage media. They were then sectioned buccolingually through the crown near the cementoenamel junction with a thin diamond disk. Root resorption craters on the apical region were not evaluated because of anatomic variations and difficulties in delimiting the craters. The mesial and distal surfaces of distobuccal, distopalatal, and mesial roots were evaluated with a scanning electron microscope (TM-1000, Hitachi, Tokyo, Japan) and a 3D laser scanning microscope (VK-9500, Keyence, Kyoto, Japan). Since resorption craters in the distal surfaces of the roots were scarcely detectable, they were also excluded from the study. All craters scattered on the cervical and middle thirds of the roots (mesial side) were digitally obtained and stored as bit map images. The surface areas were measured with commercial software (Mimics, Materialise, Tokyo, Japan). The deepest point and the surface roughness of the resorption craters were calculated with the laser microscope program (VK-9500). The average depth was verified by the software. With a resolution of 0.01 mm, the microscope enabled measurement of the root-surface profile as well as observation. It was a noncontact and nondestructive measurement with no marks left on the surface of the roots. The crater edges were determined by a numerical value of roughness over 10 mm and confirmed by exploring the surface roughness of the root by observing the images obtained by the scanning electron microscope. The cervical edge of a root was determined at the cementoenamel junction. The measured value of the crater area was multiplied by the average depth to give the volume. The same investigator (C.G.) made all measurements, and every measurement was repeated 3 times. The mean value was used as the final measurement. To assess measurement reproducibility, serial measurements of area, depth, surface roughness, and volume were made 10 times in 1 randomly selected distobuccal root. The means and standard deviations were 28.1 6 0.4 % for area, 147.5 6 0.37 mm for depth, 18.7 6 0.5 mm for surface roughness, and 10.9 6 0.05 3 10 6 mm 3 for volume.
Statistical analysis
Statistical analysis was performed with SPSS software (version 16.0, SPSS, Chicago, Ill). Univariate analysis of variance (ANOVA) and pairwise comparisons between the groups were performed. Bonferroni adjustments were made for multiple comparisons. The Pearson correlation coefficient was used to calculate the correlations between retention duration and root resorption crater volume.
RESULTS
After 2 weeks, the rats' teeth moved 0.24 6 0.07 mm. Most control roots had areas covered by undamaged cementum with a characteristic smooth surface. The apical third of the control roots was covered by thick cementum with a rough and irregular surface that occasionally contained resorption craters. The zero-week group had resorption craters with welldefined margins. Three types of craters were clearly identified: isolated lacunae, wide and shallow resorption pits, and deep resorption craters. Small isolated lacunae were mainly seen scattered on the mesial roots (cervical half of the mesial surface). Wide and shallow, and deep resorption craters were observed on the distal roots covering the cervical and middle portions of the root. In the mesial roots, small resorption pits were distributed mostly on the cervical portion of the root. In the retention groups' molars, the healing process was evaluated after 2, 4, 8, 12, and 16 weeks of retention. Examination Table I . Descriptive statistics of distobuccal and distopalatal roots Control (n 5 10) 0 W (n 5 10) 2 W (n 5 10) 4 W (n 5 10) 8 W (n 5 10) 12 W (n 5 10) 16 W (n 5 10) of the root surfaces in the retention groups with SEM showed that the resorption craters gradually became smaller, more even, and smoother with time (Fig 3) . The surface area recovered noticeably after 8 weeks.
The tendency of the resorption craters to diminish in area continued until the end of the experiments at 16 weeks (Table I ). The resorption areas of the distal roots at 16 weeks were not significantly smaller than at 12 weeks (Fig 4, B) . At that point, light depressions, remaining as scars of root resorption, were still shown by SEM (Fig 3, 16 weeks) . The depth of the resorption craters in the distal roots also showed gradual and significant decrease from the fourth week of retention (Table II; Fig 4, C) . The area and depth measurements were consistent with their volumes; this was also shown by the high correlation coefficient between the values and retention times (Table III) . The distobuccal roots had gradual reductions in volume: 12.7% after 2 weeks, 33.2% after 4 weeks, 44.1% after 8 weeks, 57.7% after 12 weeks, and 69.5% after 16 weeks (Table I ; Fig 4, D) . A significant volume recovery was observed from the 4th week of retention until the end of the experiments. In the distopalatal roots, volume recovery rates were 55.4% and 66.7% after 12 and 16 weeks, respectively. With regard to surface roughness, the bottom of the root resorption cavities showed extensive, irregular, disorganized, and rough layers with irregular borders in the zero-week group. The surface roughness in the distopalatal roots had a significant decrease after 4 weeks of retention, continuing until the end of the experiments. In the distobuccal roots, smoothing of the bottom of the craters was clearly observed from the eighth week of retention. At this time, shown by SEM, the reparative cementum surface had an even and smooth structure. The borders of the resorption craters became round and less sharp (Fig 4, E) . Compared with the distal roots, the mesial roots suffered much less resorption, reflected in the small resorption pits. To study the difference of the healing process between large craters and small pits, we also analyzed the mesial roots. Resorption pits scattered mainly in the cervical portion of the roots became 47.6% smaller (Fig 5) . These results might indicate that healing in the mesial and distal roots exhibited a similar pattern.
DISCUSSION
We previously investigated the effects of force magnitude on root resorption in rat molars and observed that resorption craters at the mesial surfaces of the distal roots showed more severe damage than did the mesial roots. 17 For this reason, we evaluated the healing process on the distal and mesial roots as representatives of severe and shallow root resorption, respectively. The amount of healing was investigated by measuring the changes in surface area, depth, volume, and roughness of the resorption craters during a 16-week retention period. It has been stated that early repair starts from the center to the outside 2 or in the periphery of the resorption lacunae with the invasion of fibroblast-like cells from the surrounding periodontal ligament. 5, 12, 13 Our results showed that the area, volume, and depth of the craters were reduced over the retention time; this suggests that healing seems to occur in all directions. The histologic findings of Brudvik and Rygh 13 suggest that small, shallow resorption lacunae might be completely filled with new cementum. However, the retention periods were not clearly specified. The results in our study showed that, after a retention period of 16 weeks, even the smallest resorption craters scattered on the cervical portion of the mesial roots did not heal completely. After a 12-week retention period, a maximum of 62.5% of resorption healing was observed. Similar to our results, Owman-Moll et al 4 reported that repair of resorptive areas ranged from 28% after 1 week of retention to 75% after 8 weeks. Langford 7 investigated rootsurface resorption repair after rapid maxillary expansion for periods between 14 and 52 weeks. He found that repair was generally more advanced on specimens retained for longer periods. However, the data were not quantified. From our results, healing of the distal roots showed a remarkable decreasing tendency that might continue beyond the experimental time of the study.
When clinicians select a force delivery system during orthodontic treatment with fixed appliances, exactly how much active force will exist between force applications is difficult to predict. It depends on the procedure, wire size, material, clinical expertise, and so on. The applied force might be enough to move teeth without causing damage to the teeth and periodontal structures. With this in mind, light forces are the choice for most clinicians. However, heavy forces can be applied during space-closing mechanics. Koga et al 18 calculated the force systems acting on brackets and demonstrated that a vertical loop fabricated from 0.017 3 0.025-in stainless steel wire gabled to 30 placed within 7 mm of interbracket distance could produce a force of 1300 g. Khambay and McHugh 19 found forces up to 1100 g during laceback placement. Rock and Wilson 20 reported forces of 830 g exerted by orthodontic aligning archwires. During rapid maxillary expansion, expansion screws can produce 1300 to 4500 g with 1 activation. 21 In this investigation, we used coil springs of 50 g to move the rat molars mesially. This force should correspond to 1000 g in a human molar and might be comparable with the force applied in some orthodontic procedures. 22 Previous studies proved that heavy orthodontic forces (225 g) cause more root resorption than light orthodontic forces (25 g) during buccal tipping and intrusion movements in human first premolars. 15, 23 If, in a similar study design, lighter forces were applied to rat molars, one might expect less root resorption and perhaps complete repair of the craters after similar retention periods.
Clinically, during conventional orthodontic treatment, resorption and healing can occur between appointments. Proffit and Fields 24 suggested that activating an appliance too frequently, short-circuiting the repair process, can damage the teeth or bone that a longer appointment cycle would have prevented or at least minimized. According to previous studies, the reparative process increases over the first 4 weeks of retention, slows in the fifth and sixth weeks, and finally reaches a plateau. 4, 5 However, we found no significant difference in resorption areas during the retention periods of 2 to 4 weeks in the volume of the craters during the first 2 weeks of retention. One possible explanation is that resorption and repair processes occurred simultaneously, and resorption diminished the amount of repair during the initial phases of the retention. This might also indicate that the repair process started to reach a steady rate from 2 to 4 weeks; this occurred slightly earlier than suggested previously. 4 The lesser area and volume of resorption craters found on the roots seemed to indicate that most of the reparative process occurred after 4 weeks of retention. It was demonstrated in this study that the resorption healing rate increases significantly with time, from 12.7% after 2 weeks of retention to 69.5% after 16 weeks (distobuccal root). In the distopalatal root, healing ranged from 6.8% after 2 weeks to 66.7% after 16 weeks. In addition, small resorption pits on the mesial root, which might resemble resorption pits during orthodontic treatment, showed a similar tendency. Root resorption at the end of treatment might be the result of a series of repetitive resorption and healing processes throughout the treatment period. The time span between each orthodontic adjustment might allow for healing to occur. Frequent reactivation of the orthodontic appliances, causing reestablishment of new or additional mechanical loading before the repair process, overcomes the resorption process and might cause severe root resorption. Thus, the longer the time intervals between orthodontic reactivations, the more healing will take place. For these reasons, our results suggest that when heavy orthodontic forces are applied, more than 12 weeks between each force application might be recommended. However, the difference in the healing processes of rats and humans should be studied in more detail.
CONCLUSIONS
During retention periods of 2, 4, 6, 8, 12, and 16 weeks after 2 weeks of mesial-directed heavy (50 g) forces on the maxillary first molars in rats, the following conclusions were drawn. 1. Application of 50 g of mesializing force during 2 weeks caused significant root resorption on the mesial surfaces of the distobuccal, distopalatal, and mesial roots of the maxillary first molars of Wistar rats. 2. Most of the reparative process occurred after 4 weeks of passive retention after the application of heavy (50 g) orthodontic force for 2 weeks, suggesting that the resorption and repair processes during the early stages of retention were balanced. 3. After 16 weeks of passive retention after the application of 2 weeks of heavy (50 g) orthodontic force, 62.5% to 69.5% of the resorption craters were repaired. 4. The decrease in area, depth, and volume of the resorption craters showed similar trends over retention periods of 2 to 16 weeks. 5. These results suggest that frequent orthodontic reactivations should be avoided to allow recovery and repair of the root-surface damage.
